The effects of the abnormal innervation in Hirschsprung's disease on colonic ion transport were examined in vitro using Ussing chambers. The response of the mucosal/submucosal preparations to different secretagogues were investigated in aganglionic and ganglionic rectosigmoid and transverse colon from children with Hirschsprung's disease and compared with normally innervated colon from children with anorectal anomalies. Basal values were similar in aganglionic and ganglionic rectosigmoid colon. Neuraily mediated secretion with iloprost (10-'M) and acetylcholine (900 and 9 ,uM) was considerably reduced in aganglionic colon compared with normally innervated ganglionic colon. The ganglionic colon proximal to the aganglionic colon also had a reduced response to acetylcholine despite a normal acetylcholinesterase staining pattern. The responses to Escherichia coli STa enterotoxin (50 MU/ml) and isobutylmethylxanthine (10-3M) were similar in ganglionic and aganglionic colon. The response to STa enterotoxin was not changed by the nerve blocking agent tetrodotoxin (10-'M). 
Hirschsprung's disease (HD) is characterised by spastic constriction of the affected colon associated with a variable length of aganglionosis in the distal colon and proliferation of extrinsic nerve fibres.' The exact mechanisms responsible for the abnormal smooth muscle function in the affected colon remains unknown but amply show the importance of the enteric nervous system in regulating colonic function.
By contrast with the substantial body of research on the smooth muscle changes in HD, the role of the enteric nervous system on human colonic ion transport either under normal conditions or in various disease states remains unexplored. Heath et al2 examined the absorptive function of the rectum in vivo in children with HD and showed greater absorption of sodium and chloride ions and higher rectal potential difference compared with control children.
To determine the effect of the neural abnormalities in HD on colonic ion transport, the basal electrical properties and response to neurally mediated secretagogues (iloprost), neurotransmitters (acetylcholine and carbachol), and luminally active secretagogues were examined in (a) aganglionic and ganglionic rectosigmoid colon and (b) ganglionic transverse colon. A preliminary report of this study has been communicated to the Physiological Society.3
Methods

TISSUE SPECIMENS
Tissue specimens were obtained from children having corrective surgery for HD (mean age 6-1 months, range [3] [4] [5] [6] [7] [8] [9] [10] [11] . The 
NADH diaphorase activity
The presence or absence of neurons within the submucosal and myenteric plexus of the tissues was confirmed by staining for NADH diaphorase activity using the method of Hoyle and Burnstock.5 Slides were incubated at 37°C in phosphate buffered saline containing 1 mM NADH (Fluka) and nitroblue tetrazolium (0-6 mM) for 30 to 45 minutes. The staining intensity was controlled visually.
Acetylcholinesterase activity
Acetylcholinesterase activity was detected using a method based on that of Karnovsky and Roots6 in the presence of the non-specific acetylcholinesterase inhibitor iso-OMPA and stain intensified with 0-1% silver nitrate (60 seconds). The slides were lightly counterstained with Carazzi's haematoxylin (10 seconds).
CHEMICALS
Iloprost was generously donated by Schering (W Sussex, England). Most other chemicals, unless otherwise stated, were obtained from Sigma (Poole, UK).
STATISTICS
Results are given as the mean (one SEM). Where sufficient tissue was available to test more than one tissue from the same child in the chambers, the results were averaged and considered as one tissue. Statistical significance was tested using the non-parametric Kruskal-Wallis analysis of variance and Kolgomorov-Smirnoff 2 sample test. Significance was taken at p<0Q05. Table I summarises the basal electrical measurements in NaCl-Ringer's solution after equilibration (usually 60 minutes, range 25 to 90 minutes). The values obtained from the aganglionic rectosigmoid colon were not significantly different from the ganglionic rectosigmoid colon either from patients with HD or from the normally innervated controls.
Results
BASAL ELECTRICAL PROPERTIES
No differences were found in the values from (1) II of acetylcholine (900 and 9 uM) to the serosal bathing solution of the control ganglionic rectosigmoid colon gave transient increases in potential difference and short circuit current coupled with a fall in transepithelial resistance. Figure 2 shows the time course of action of 900 ,uM acetylcholine. Maximum responses were obtained at about two (900 ,uM) and about five minutes (9 uM) after addition to the serosal bathing solution.
By contrast with ganglionic colon, aganglionic colon gave either a small or absent response to serosal acetylcholine compared with control ganglionic tissues (data summarised in Fig 3) . Figure  2 shows a typical trace of the response of aganglionic rectosigmoid colon to high concentrations of acetylcholine (900 ,uM).
Subsequent experiments using the acetylcholinesterase resistant acetylcholine analogue carbachol (9 ,M) to the serosal bathing solution ofcontrol ganglionic rectosigmoid colon resulted in a transient rise in potential difference and short circuit current (+4-6 (0-9) mV; +62-5 (14-5) liA/cm2 respectively; tissues from eight children).
The response of aganglionic rectosigmoid colon to carbachol showed considerable variation (median increase in short circuit current: + 16-2, range 0-135-5 liA/cm'). The mean response was not significantly different from that ofthe control ganglionic tissues using non-parametric analysis (p=0 06). Two broad patterns of response to carbachol, however, could be seen. Seven of the total 14 aganglionic tissues gave increases of less than 10 MuA/cm2 (mean increase of 3-1 (1.4) ,uA/ cm2; p=0 001 v control tissues). The other seven tissues responded to carbachol with a mean increase of 66-4 liA/cm2 (p>0 05 v control tissues).
ACETYLCHOLINESTERASE STAINING PATTERN
The extent of the acetylcholinesterase activity within the submucosa and mucosal tissues was examined histochemically. In ganglionic colon from children with anorectal anomalies acetylcholinesterase staining was present in the ganglia of the myenteric and submucosa plexus with occasional nerve fibres in the submucosa and lamina propria. In contrast, aganglionic tissues from children with HD showed dense staining of large acetylcholinesterase positive nerve fibres in the submucosa, lamina propria, and particularly the muscularis mucosa (Fig 4) .
The abundant acetylcholinesterase activity released by the hypertrophied nerve fibres is likely to contribute to the impaired response to acetylcholine.
E COLI STA ENTEROTOXIN
To examine the secretory response of the colonocytes to secretagogues added to the luminal bathing solution, tissues were challenged with 50 MU/ml E coli STa enterotoxin. The binding of STa enterotoxin to specific receptors on human colonic mucosa has been shown to increase mucosal guanylate cyclase concentrations8 and to increase cGMP in intestinal cell lines. 9 Control ganglionic colon (tissues from nine children) showed a prompt increase in potential difference (+4-7 (1-5) mV) and short circuit current (+39-0 (6.4)1uA/cm2, Fig 5A) . The tissue resistance showed an initial increase in of 6-5 (2-6) Q.cm2 before a subsequent fall of -9-15 (4-6) Q-cm2 (Fig SB shows a typical trace) . Aganglionic colon gave similar responses to STa enterotoxin in potential difference (+3-2 (1 1) mV), short circuit current (+33-6 (11 8) Table I ).
thelial resistance
The response of the ganglionic rectosigmoid month girl)from a colon to neural activation by 10-6M iloprost was not significantly different from the control ganglionic colon described above (increase in short circuit current (SEM): +82-1 (8-9) /A/cm2 (HD, X initial increase n=8) v 94 4 ,uA/cm2 (control, n=7).
y a fall of -6-3
The response of the proximal ganglionic recto-.hildren) which sigmoid colon from children with HD to 9 ,uM ent from the acetylcholine was significantly reduced comonic colon. The pared with the control ganglionic colon (increase md short circuit in short circuit current (SEM): +26-5 (9-1) hing out of the (ganglionic HD, n= 14) v +76-2 (14-6) uA/cm2 Lenge with STa (control colon, n=12; p<0 01). Ganglionic r in the presence colon proximal to the aganglionic zone had I gave similar acetylcholinesterase staining patterns compar- (10-6M) , serosal acetylcholine (9 uM), and mucosal STa enterotoxin (50 MU/ ml) were similar between tissues from children with Hirschsprung's disease and the controls (Table II) and were similar to those of the ganglionic rectosigmoid colon.
These data show that the secretory response of aganglionic colon to certain neurotransmitters including acetylcholine is impaired and this abnormality extends beyond the level of the aganglionosis. The secretion in response to other secretagagues acting directly on the colonocyte, however, is unaffected by the abnormal innervation.
Discussion
This is the first report giving details of the basal electrical values in paediatric rectosigmoid and transverse colon. Segmental heterogeneity, principally reflecting Na+ transport, exists between the proximal and distal colon both in the rat and human colon.""3 Consequently, we have considered the transverse and rectosigmoid separately. The basal electrical values in the rectosigmoid and transverse colon were similar and both were comparable with the reported data on adult colon"'2' although we have not identified the ions participating in either the basal or secretory responses.
Studies in animal and human colon show that certain developmental changes in enterocyte tissue enzymes occur in the colon, particularly in the immediate pre and postnatal period. 22 Jenkins et al,2324 using in vivo rectal dialysis, found evidence of fully developed sodium transport in preterm neonates but reduced anion exchange (probably reflecting net bicarbonate secretion) in children of 1 to 12 months of age.
We found no significant correlation between the basal potential difference and age. Basal potential difference readings obtained in Ussing chamber preparations of human colon primarily reflect active sodium transport."'2 Assuming this is similar in infant colon, the data presented here support the in vivo data that human electrogenic sodium transport is fully developed at birth.
Basal electrical properties of rat distal colon have a considerable neural tone as shown by the fall in the potential difference and short circuit current to tetrodotoxin.2" We hypothesised that a changed response to secretory stimuli might exist in HD as a result of the changes in the innervation to the colon and that these changes would be reflected in the electrical indices. The similar basal electrical indices in ganglionic and aganglionic tissues show that basal electrogenic ion transport in infants is not influenced by the enteric nervous system in either normally innervated or aganglionic colon -that is, HD -and highlight an important difference between the neural control of rat and human colonic ion transport. No significant difference was found in the response of aganglionic and ganglionic colon to STa enterotoxin in the presence or absence of tetrodotoxin. The neural influences might act on electrically silent ion transport mechanisms such as bicarbonate secretion but these were not examined in this study.
In this study, the reduced or absent response to acetylcholine but not carbachol in aganglionic rectosigmoid colon might result, at least in part, from reduced concentrations of acetylcholine reaching the basolateral muscarinic receptors through the enzymatic breakdown by the abundant tissue acetylcholinesterase activity. Studies on non-epithelial tissues have shown increases in muscarinic receptor density in response to reduced exposure to acetylcholine.2' Although we have not examined muscarinic receptor density, the variability in the response to carbachol suggest that changes in muscarinic receptor density or activation, or both may also occur in aganglionic colon.
The reduced response of the proximal ganglionic colon in the children with HD to 9 ,uM acetylcholine has important implications for the siting of the surgical anastomosis of the proximal ganglionic colon. It is possible that these tissues are from the 'transitional zone' (the border between aganglionic and ganglionic tissue) although the histological acetylcholinesterase activity was not distinguishable from control ganglionic colon. The functional assay used here is, therefore, of greater sensitivity than acetylcholinesterase staining. These findings show that the normality of the proximal bowel cannot be adequately assessed by acetylcholinesterase activity and the presence of ganglion cells.
The time during which the major vascular supply was occluded varied between tissues and cannot be corrected for. A reduced viability of the aganglionic colon could account for the reduced responses to the iloprost and acetylcholine. This was considered unlikely, however, for the following reasons: the basal values and response to IBMX and STa enterotoxin were comparable with control tissues and with the proximal ganglionic tissue from HD. The gangionic rectosigmoid colon also responded to iloprost comparable with the control tissues and so acted as an internal control.
In conclusion, the in vitro electrical properties of paediatric transverse and rectosigmoid colon are reported. The results indicate that (a) the electrogenic ion transport mechanisms in both the rectosigmoid and proximal transverse colon of children are similar, and (b) comparable with reported adult data; (c) basal net electrogenic ion transport of the transverse and rectosigmoid colon are unaffected by the neural abnormalities in the colon in HD; (d) aganglionic and ganglionic colon from children with HD are able to respond to certain secretagogues that act directly on the colonocyte, and (e) this response does not have a neural component; (f) the response of aganglionic rectosigmoid colon to neurally mediated secretion through acetylcholine and iloprost is impaired; (g) the proximal ganglionic rectosigmoid colon in children with HD also exhibits an attenuated response to acetylcholine despite normal histology. These findings show that the neural abnormalities in HD exert an inhibitory effect on the secretory mechanisms in response to cholinergic stimuli. The problems of constipation seen in children with HD are due not only to abnormal smooth muscle and sphincter function but to a reduced secretory potential of the rectosigmoid colon.
